Dietary hypertriglyceridemic rats were treated with refined eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and changes in the n-6 and n-3 polyunsaturated fatty acid (PUFA) profiles in phospholipid (PL) classes in their tissues were analyzed in various aspects. The effects of EPA on the PUFA profiles in tissue PL classes were different from those of DHA. The effects were manifested differently depending on tissues and on the PL classes even in the same tissue. A decrease in the proportion of n-6 PUFA and an increase in the proportion of n-3 PUFA were both marked, particularly in the liver and heart, due to treatment with EPA and DHA; whereas these changes were somewhat slighter in the testes and were hardly observed in the brain. The variation pattern of tissue difference in the individual PUFA of each PL class differed, depending on the kind of PUFA, among the control, EPA, and DHA groups. The variation pattern of PL class difference in the individual PUFA of each tissue showed a similar tendency. Suppression of metabolic conversion from linoleic acid to arachidonic acid was not uniform depending on the tissue and also on the PL class, but the effect of DHA was more intense compared with that of EPA. On the other hand, the ratio of n-3 PUFA/total PUFA (n-3/PUFA) was largest in phosphatidylethanolamine, following by phosphatidylcholine and cardiolipin, in all the tissues, and was larger in the DHA group than in the
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EPA group. These findings suggest that a large uptake of n-3 PUFA by the liver PC and PE classes may decrease the secretion of VLDL-TG from the liver and may be related to the decrease of serum triglyceride.
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Epidemiological studies [1] [2] [3] , clinical tests [4] [5] [6] [7] , and animal experiments [8] [9] [10] [11] have revealed that ingestion of fish oil remarkably decreases serum lipids, particularly triglyceride (TG). There are several theories to explain the mechanism of this action. One is that n-3 polyunsaturated fatty acid (PUFA) in fish oil suppresses TG synthesis and apolipoprotein B synthesis in the liver to thereby decrease secretion of very low density lipoprotein (VLDL) according to experiments using the perfused liver or cultured hepatocytes [12] [13] [14] [15] [16] . There is a report [17] , on the other hand, that TG synthesis in the liver was conversely increased but that the assembly and secretion of VLDL were impaired. Yao and Vance [18] recently studied the relation between lipoprotein secretion and phospholipid (PL) synthesis using isolated hepatocytes, and reported that active synthesis of phosphatidylcholine (PC) is required for assembly and secretion of VLDL. Further, Yamamoto et al. [19] found that the activity of PC synthetic enzyme in rat liver is suppressed by a fish oil diet, and argued that this is one reason why n-3 PUFA decreases assembly and secretion of VLDL from the liver. These findings suggest that the decreased level of serum VLDL-TG attributable to n-3 PUFA is closely related to the changes in liver PL classes, particularly PC. Thus, the PUFA profile of PC is considered to have an important meaning.
Earlier we performed an experiment by dosing refined eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) to dietary hypertriglyceridemic rats and found that their serum TG levels were markedly lowered by either treatment [11] . We assumed that the decrease was related to the fact that a large quantity of n-3 PUFA was incorporated in the liver PL and TG fractions and serum lipoprotein fraction. This suggests that the proportion of n-3 PUFA may be high in the liver PC class. The present study was carried out mainly to substantiate this suggestion. We compared the EPA-and DHA-induced modifications of PUFA profiles in liver PC and other PL classes in rats given a high fat diet and performed similar analyses with other tissues. We further compared the variation patterns of tissue and PL class differences of an individual PUFA, and also compared the changes in parameters showing metabolic pictures of PUFA in the PL classes. The findings of the present study provide interesting suggestions for making presumptions on modifications of fatty acid composition in tissue PL classes in patients with dietary hypertriglyceridemia by treatment with EPA or DHA.
METHODS
Animal care and tissue sampling. Sprague-Dawley strain male rats 5 weeks of age were divided into groups, each containing six animals. The method of animal care is described in detail in the previous report [11] as well as in the footnote to Table 1 . Table 1 shows the fatty acid compositions of fat contained in the experimental diets as calculated from the fatty acid compositions of the fat used [11] . Animals were fed the experimental diet for 2 weeks, and starved for 7 h before laparotomization under Nembutal anesthesia. Blood was collected by cardiocentesis, and the liver, heart, brain and testes were sampled. Blood was fully removed from the liver by injection of physiological saline from the portal vein under pressure.
Isolation of PL and analysis of fatty acids. A definite amount of each tissue was homogenized in a tube with a chloroform : methanol (2: 1) mixture (CM mixture), which was then filled with nitrogen gas, left standing overnight, and subsequently filtered through a glass filter No. 11G4 (Shibata Kagaku Co., Ltd., Tokyo) to obtain the lipid extract. The lipid extract was subjected to twodimensional thin-layer chromatography (TLC) for separation of PC, phosphatidylethanolamine (PE), and cardiolipin (CL). Kiesel-gel (Merck, Darmstadt, Germany) 60G (first dimension) and 60H (second dimension) were used as the stationary phase and Rhodamine 6G as a chromogenic reagent [20, 21] . As a developing agent, petroleum ether : diethyl ether : acetic acid (80: 20: 1) was used for the first dimension and chloroform : methanol : water (65 : 25 : 4) for the second dimension. For analysis of fatty acid profiles of the PL classes, each spot on a plate was extracted with the CM mixture, and the extracts were subjected to saponification and methylation (boron trifluoride methanol method [22] ) and gas chromatography (GLC). A GC 12A chromatograph from the Shimadzu Co., Ltd.
(Kyoto, Japan) was used for GLC under the following conditions: column, 0.25 mm x 40 m stainless steel capillary column coated with Rascot Silar-5cp (Nihon Chromato Works Ltd., Tokyo); column temperature, 200°C; inlet temperature, 250°C; and carrier gas, N2. Fatty acids were identified by the linear relation between the carbon number of homologues and retention time or by comparison with the retention time of the reference standard.
Statistical analysis. The significant difference of experimental data were analyzed by Duncan's multiple range test [23] at p <0.05. Changes i n P UFA profiles i n PL classes i n tissues PUFA profiles of each PL class are shown in Table 2 . The PUFA profiles for PC are as follows: The proportion of C 18:2n-6 was significantly decreased in all the tissues examined from the two test groups compared with that in the control group except in the brain. The proportion of C20:4n-6 was significantly decreased in the test groups compared with that of the control group only in the liver and heart, and the decrease was greater in the DHA group. The proportion of C20:5n-3 was minimal in all the tissues of the control group, whereas the proportion was high in the EPA group except in the brain. The proportion of C22:5n-3 was significantly increased particularly in the liver and heart of those animals of the EPA group compared with that in the control and DHA groups. The increase of the proportion of C22:6n-3 was greater in the DHA group than in the EPA group particularly in the liver and heart. No intergroup differences were observed in the brain.
The PUFA profiles for PE are as follows: The proportion of C 18:2n-6 was small in all the tissues. The proportion of C20:4n-6 was significantly decreased only in the liver and heart of those animals in the two test groups compared with that in the control group, and the decrease was greater in the DHA group than in the EPA group. The proportion of C22:5n-6 was large only in the testes, and was significantly decreased in the test groups compared with that in the control group. The proportion of C20:5n-3 showed a similar tendency, as in PC, in all the groups. The changes in the proportion of C22:5n-3 were also similar to those in PC, and the proportion was increased significantly in the EPA group compared with the value for the control or DHA group, particularly in the liver and heart. The proportion of C22:6n-3 was significantly high in the liver, heart, and testes from the test groups compared with those values in the control group, and those in the liver and heart in the DHA group were twice the values for the EPA group , indicating a high uptake of DHA. No intergroup differences were observed in the brain. The analysis of CL revealed the following: The proportion of C 18:2n-6 was significantly low in the liver, brain, and testes of those animals in the EPA group compared with those values for the control or DHA group; and that in the heart was significantly low in the test groups compared with the proportion for the control group. The proportions of C20:4n-6 in the three tissues excluding the brain were smaller in the CL than in the PC or PE class, and were slightly smaller in the liver and larger in the heart of the test groups than in the control group. The proportions of C20:5n-3 and C22:5n-3 were small in all of the tissues, but were slightly higher in the liver and heart in the EPA group. The proportions of C22:6n-3 in the liver and heart were significantly higher in the test groups than in the control group, and in the DHA group than in the EPA group.
Variation patterns o f tissue difference i n individual P UFA i n PL classes
In all the groups, tissue-dependent differences were observed in many of the fatty acid proportions in all the PL classes. As for the PC class, the variation patterns of tissue difference fluctuated greatly in the order of liver > heart > testes > brain in the case of C 18:2n-6 and in the order of heart > liver> testes > brain in the case of C20:4n-6 in the test groups as well as in the control group, with all showing the similar tendency. The test groups showed different responses from the control group in C20:5n-3 and C22:5n-3, but the DHA group alone showed different responses from the other two groups in C22:6. In the PE class, the variation patterns of C 18:2n-6 in the tissues fluctuated greatly in the order of liver > testes > heart > brain in the control group, liver > heart > testes > brain in the EPA group, and heart > testes > liver > brain in the DHA group, showing that the patterns were different depending on the group. The variation patterns of C20:4n-6, C22:5n-3, and C22:6n-3 in the respective tissues were also different depending on the group. In the case of C20:5n-3, on the other hand, the changes in all the groups followed the same pattern of liver > heart > testes > brain. Analysis of the variation patterns of tissue differences in the individual PUFA in CL revealed that the test groups showed different responses from those of the control group with respect to C 18:2n-6, C20:4n-6, C20:5n-3, and C22:6n-3. Variation patterns of PL class differences in individual PUFA in tissues The proportions of C 18:2n-6 in PL classes of the liver, heart, brain, and testes were larger in the order of CL > PC > PE in all the groups, showing no difference between the control group and the test groups. The proportions of C20:4n-6 in the liver and heart were larger in the order of PE > PC > CL in the control group and in the order of PC > PE > CL in both EPA and DHA groups, but no intergroup differences were observed in the changes of this proportion in the brain or testes. There were hardly any differences among the groups in the variation patterns of PL class differences in C20:5n-3. In C22:5n-3, on the other hand, differences were observed between the EPA group and the DHA group in the liver and heart. As for C22:6n-3, the proportions in the classes ranked differently depending on the tissues, but no differences between the control group and test groups were observed in the variation pattern of PL class difference in any of the tissues.
Changes i n ratios o f total PUFA s/total saturated fatty acids (P/ S), C20.•4/ C18:2 (AA/LA) and n-3/PUFA in PL classes of each tissue Table 3 shows several fatty acid ratios as calculated from the data shown in Table 2 .
P/S ratio: Practically no changes were produced by administration of either EPA or DHA in PC and PE fractions of any tissue. As for CL, some tissues (liver, heart) were affected by EPA and DHA, while others (brain, testes) were not. The tissue P/S ratio ranked differently depending on the PL class, but the variation pattern of P/S ratio showed a similar tendency in all the classes, and no differences were observed between the control group and the test groups.
AA/LA ratio: The ratio in PC of the liver, heart, and testes rose in the EPA group compared with that in the control group. In the brain, there were no changes between the groups. As for PE, although no differences were observed between the control group and the test groups in the liver and brain, the ratio in the heart was significantly low in the DHA group compared with that in the control group; and the ratio in the testes was significantly high in the EPA group. The ratio in CL was significantly decreased or showed a tendency to decrease in the liver of the two test groups, but was significantly increased or showed a tendency to increase in the other tissues in both of the test groups. There were no differences in the variation pattern of this ratio among tissues between the EPA and DHA groups in any of the three classes, but their responses were different from those of the control group. The ratio in the PL classes of the same tissue was found to rank higher in PE > PC > CL in the three tissues excluding heart. The variation patterns of the test groups were similar to the pattern of the control group. N-3/PUFA ratio: In PC and PE, the ratios for the three tissues excluding the brain were significantly higher in the test groups than in the control group. Both EPA and DHA were incorporated particularly by the liver and heart PE classes in large quantities, and n-3 fatty acids accounted for 70-80% of the total PUFA in both groups. When the two were compared, the ratio was significantly higher in the DHA group than in the EPA group. The ratio in the liver PC was also as high as 60%. There were no differences between the control group and the test groups in the brain. The ratio in CL was significantly higher in the test groups only with respect to the liver and heart. The variation pattern of the n-3/PUFA ratio in each tissue was different in the test groups when compared with the pattern in the control group in all three PL classes. The ratio in each of the PL classes in the same tissue ranked in the order of PE > PC > CL for all four tissues in all the groups.
DISCUSSION
It is known that PL in various tissues are highly tissue specific, that the fatty acid patterns are also specific to the PL class, and that in particular cells such as those of the liver polyenoic acid compositions change in response to the quality of lipids in the diet, especially to the composition of essential fatty acids [24, 25] . In this experiment, the extent of modification of the PUFA profiles in PL classes by EPA or DHA differed depending on the tissue and also on the PL classes even in the same tissue. Our results not only support previous findings but also coincide with the results of past research conducted on fish oils in normal animals [26, 27] . In particular, the n-3/PUFA ratios in the liver PC and PE classes were as high as 64-80% in both EPA and DHA groups, indicating that uptake of EPA and DHA by the two liver classes is high. The n-3/PUFA ratio was significantly, although not so notably, higher in the DHA group than in the EPA group, showing that the uptake of DHA is larger. This is presumably because DHA is quickly incorporated into tissues, while EPA is not metabolized fully to 022:6 but substantially remains unconverted as 020:5 or C22:5. Involvement of some control mechanism is suspected in the metabolic processing of EPA to 022:6. DHA appears to exhibit some degree of retroconversion after it is incorporated into tissue PL.
Yao and Vance [18] asserted that an active PC synthesis in the liver is necessary for assembly and secretion of VLDL, and Yamamoto et al. [19] pointed out that the decreased activity in PC synthetic enzyme in rat liver attributable to the fish oil diet partly explains the n-3 PUFA-induced decrease in the secretion of VLDL from the liver.
Earlier we observed the effect of refined EPA and DHA in decreasing serum TG in dietary hypertriglyceridemic rats [11] . As mentioned previously, a large uptake of n-3 PUFA by the liver PC class may be related to the decreased assembly and secretion of VLDL. About 30% of PC formed in the liver is attributed to the methylation of PE [28] . Therefore, PE also possibly participates indirectly in decreasing VLDL secretion in view of the fact that PE incorporates n-3 PUFA in a larger quantity than PC. On the other hand, we previously reported that the serum TG-decreasing effect of DHA is stronger than that of EPA [11] . Review of the present results suggests that this is related to the higher uptake of DHA than EPA by the liver PC and PE classes.
Past studies on the uptake of fish oil or refined n-3 fatty acids by tissue PL have been mainly conducted on non-hypertriglyceridemic animals. Berger and German [29] studied the selective uptake of n-3 PUFA, i.e., a-Iinolenic acid (a-LnA) and eicosatrienoic acid (ETA), by PL classes of normal mouse tissues, and found similarly as the authors that the n-3 PUFA profiles differ considerably depending on the tissue and also on the PL class. They further stated that a-LnA and ETA exhibited different metabolic pictures although they are both n-3 PUFA. Yamaoka et al. [27] reported that the proportion of C20:4n-6 was smaller, and those proportion of C20:5n-3 and C22:6n-3 larger, in the liver and heart PC and PE classes of rats given sardine oil than in those given corn oil and that C 18:2n-6 decreased and C22:6n-3 showed a tendency to increase in the CL class of myocardial mitochondria in the former group compared with the values for the latter group. Similar findings were obtained in the authors' experiment on the heart CL class. Charnock et al. [30] found that n-6 PUFA decreased and n-3 PUFA increased in the heart PC and PE classes in animals fed the fish oil-supplemented diet compared with those given the diet with sunflower seed oil. The fatty acid profiles of brain and testis PL classes were less susceptible to EPA or DHA treatment, and were each uniquely characteristic. The brain PL classes contained C20:4n-6 and C22:.6n-3 in large proportions and were unaffected by either EPA or DHA. This may be attributed to the short experimental period. According to Connor et al. [31] , the proportion of DHA in the brain remained substantially unchanged in animals given a DHA-deficient diet from birth up to 2 years, but doubled in the control group. Yamaoka et al.
[27] also found that although there were no differences between the corn oil group and the sardine oil group in the proportion of C22:6n-3 in any of the PL classes, the proportion in PE as well as in CL was larger than that in PC. In the authors' experiment, the proportion in PE was significantly greater than that in PC or CL in all of the groups. In all PL classes of the testes, the proportions of C20:4n-6 and C22:5n-6 were large in all the groups and ranked in the order of PE > PC > CL. The variation patterns of these n-6 fatty acids in the PL classes of testis were different from those of the liver, heart, or brain. On the other hand, the uptake of n-3 PUFA increased, although not greatly, in both EPA and DHA groups. Chanmugam et al.
[32] obtained similar findings using fish oils. It is known that n-3 PUFA antagonistically inhibits the metabolic conversion from C 18:2n-6 to C20:4n-6 [33] . In the present experiment, the AA/LA ratio was lowered in some cases and unaffected or even increased in others by administration of n-3 PUFA, suggesting that inhibition of LA metabolism by n-3 PUFA differs depending on the tissues or on the PL classes.
